Abstract High resolution spectral analysis of lithium plasma formed by single and double laser ablation has been undertaken to understand the plume-laser interaction, especially at the early stages of the plasma plume. In order to identify different atomic processes in evolving plasma, time resolved spectral emission studies at different inter-pulse delays have been performed for ionic and neutral lithium lines emitting from different levels. Along with the enhancement in emission intensity, a large line broadening and spectral shift, especially in the case of excited state transition Li I 610.3 nm have been observed in the presence of the second pulse. This broadening and shift gradually decrease with increasing time delay. Another interesting feature is the appearance of a multi-component structure in the ionic line at 548.4 nm and these components change conversely into a single structure at the later stages of the plasma. The multi-component structures are correlated with the presence of different velocity (temperature) distributions in non-LTE conditions. Atomic analyses by computing photon emissivity coefficients with an ADAS code have been used to identify the above processes.
Introduction
During the last few years, extensive work has been done to increase the sensitivity of a single LIBS for the elemental analysis of solid, liquid or gaseous samples [1∼8] . In this regard, double pulse ablation technique has received great interest in recent years. In this technique, two laser pulses separated in time (few ns ∼ few ms) is used to ablate the target sample [9∼13] . The mechanism responsible for the enhancement of optical emissions in the double pulse technique is believed to be due to increased ablated mass, longer plasma duration and higher plasma temperature because of the heating of the pre-formed plume. Enhancement of the optical emission signal by the double pulse technique depends on the laser pulse intensity, laser wavelength, pulse duration, inter-pulse delay and time of observation. The optimization of these parameters is thus essential to the adoption of this technique in applied research. In addition, the characterization of the plasma plume in the frame of determining electron temperature and electron density is important for understanding the role of complex atomics processes in a laser-plume as well as plume-plume interactions [14] . The effect of different configurations of laser pulses (collinear and orthogonal), laser pulses with different wavelengths (UV and IR), energies, pulse durations and inter-pulse delay in double pulse experiments has been briefly reviewed by BABUSHOK et al [12] . Further, several works have been carried out to study the effect of various parameters on the emission intensities, such as temperature and density of electrons and ions, plume velocity and the geometrical aspect of the plume, and relevant references are given in Ref. [12] . It is worth mentioning that despite extensive works carried out in double pulse experiments, the dynamics of the lithium plasma plume [15] formed by the double laser pulse in collinear geometry are still scarce.
In view of the above, the present work is devoted to the study of plasma plume dynamics in single (SP) and double pulse (DP) laser ablation (in collinear geometry) of the lithium target. In this paper, emphasis is given to the role of the second laser in plume formation, which is responsible for variation in optical emission at the initial stages. A comparative study of single and double pulse ablation is also presented with regard to the variation in emission intensity, plasma parameters and plume shape. Time and space resolved emission spectroscopy is used as a diagnostic tool because it not only gives a general picture of the expanding plasma but also explains the different atomic processes involved during the plume expansion.
Experimental scheme
The plasma plume was generated inside a stainless steel chamber, which was evacuated to a base pressure of ∼ 5 × 10 −5 Torr. A 12 mm diameter solid lithium rod mounted on a movable target holder through a vacuum compatible feedthrough was used as a target. A pair of synchronized pulsed Nd:YAG (laser 1 ∼ 20 Hz, 5 ns FWHM and laser 2 ∼ 30 Hz, 8 ns FWHM) lasers at 1064 nm in collinear geometry were used to ablate the lithium target. The energy of these lasers was varied using external optics according to the experimental requirements. The spot size of the beam was ∼1 mm in diameter for both lasers, with a laser fluence of ∼12 J/cm 2 and 20 J/cm 2 for laser 1 and laser 2, respectively. A burn paper impression was used to ensure the perfect overlapping of the two laser pulses on the target. To avoid crater formation, the position of the target was changed after 10 shots. All these 10 shots in the same position were found to be nearly identical under similar experimental conditions.
The plasma plume was viewed as normal to its expansion direction and imaged at the entrance slit of a 0.35 monochromator (spectral resolution ∼1 nm for 250 µm slit width) with the help of a double lens telescopic system. The telescopic system and monochromator along with a photomultiplier tube (PMT) were mounted on a single stage translator system that enabled a space-resolved scan of the plume along its expansion axis. The spatial resolution 250 µm along the length of the LBO plume was determined by the slit width of the monochromator. The output of the PMT was directly fed to a fast digital oscilloscope. A small fraction of reflected light from the laser-focusing lens was detected by a photodiode and used as the time reference. In order to get the spatially integrated, time resolved spectral line profile of the emitting species, another detector system was based on the imaging spectrograph (Acton Spectra-Pro SP2500i). The entrance slit of the imaging spectrograph was coupled with light collection optics through an optical fibre. The exit port of the spectrograph was coupled to a gated intensified charge-coupled device (ICCD). The ICCD gate width was optimized at 10 ns. Spectral resolution of ∼ 0.08 nm was achieved with the present imaging spectrograph. Temporal evolution of the line profile was obtained by varying the time delay between the second laser pulse and opening time of the ICCD gate.
The Nd-YAG lasers used in the present experiment give the optimum laser output at 20 Hz and 30 Hz, respectively (factory settings). Therefore we have developed a time sequencing device to synchronize both lasers (having the same or different repetition rates) and the diagnostic systems. Both the lasers were operated in external trigger mode at 20 Hz (laser 1) and 30 Hz (laser 2). Using a micro processor controlled external mechanical shutter coupled with an arbitrary function generator and pulsed delay generator, synchronized laser pulses with a variable inter pulse time (ranging from 10 ns to 1000 ns with the timing jitter ∼1 ns) were obtained.
Results and discussion
Time and space resolved emission features of lithium lines are recorded for both single and double pulse configurations at different inter-pulse delay as well as different distances from the target. The typical temporal profile of Li I 670.8 nm emission at z = 2 mm and 55 ns inter-pulse delay (delay between the two laser pulses) is shown in Fig. 1 . In the present experiment, the single pulse profile is recorded by just blocking one of the synchronized pulses alternatively. Therefore the time delay between the peak positions of the emission profile of laser 1 and laser 2 is simply the set inter-pulse delay. In the case of double pulse ablation, the temporal profile is found to have a double lobe structure. Comparing the single pulse ablation with the double pulse ablation, one can directly correlate the formation of lobes in the DP profile to the individual contribution of the plume formed by laser 1 and laser 2, as the peak positions of laser 1 and laser 2 profiles exactly coincide with the two lobes of the DP profile. It has been found that at a shorter inter-pulse delay and closer to the target, the DP profile appears as a single peak structure where the two plumes merge together. However, with increasing distance from the target or with inter-pulse delay, the two plumes start to separate out and are fully resolved at z = 2 mm and 55 ns inerter-pulse delay. On the basis of the above observations, one can say that the laser photons from the second laser mainly contribute to the formation of a second plasma plume instead of being absorbed by the first plume. However, several studies have been done to explain the enhancement of optical emission on the basis of the absorption of the second laser pulse by the plasma plume formed by the first laser and to describe how the plume heating depends on the plasma parameters and the wavelength of the second laser [16, 17] . However, based on the experimental observations in the present case, the plume-plume interaction, instead of the laser-plume interaction, is considered as a dominant mechanism responsible for the present observations. In time-of-flight flight measurements, we could not see any enhancement in the emission intensities in double pulse ablation with respect to SP configuration. Enhancement in emission intensity in DP configuration requires careful optimization of inter-pulse delay and time of observation because several processes, e.g., self absorption, collisional de-excitation and thermalization prevent the increase in the emission signal. The typical line profile of Li II 548.8 nm observed with the imaging spectrograph for single and double pulse configurations is shown in Fig. 2 . Significant enhancement in emission intensity is observed in DP ablation for the optimized inter-pulse delay and observation time delay (delay between the second laser pulse and the gate opening time of the ICCD), 55 ns and 90 ns respectively. Temporal evolution of Li II emission in DP for a fixed inter-pulse delay (55 ns) is shown in Fig. 3 . A decreased emission of Li II is observed at the initial stages of the plasma and it increases with increasing time delay and finally peaks at 105 ns time delay. Emission intensity once again starts decreasing with further increase in time delay. The electron temperatures and densities are estimated from the line intensity ratios and the width of the Stark broadened spectral line (Li I 610.3 nm), respectively. In order to minimize the self absorption of spectral line, ground state lines (e.g. Li I 670.8 nm) are avoided in the estimation of the plasma parameters. A large enhancement in electron density at the initial stages of the plasma is observed in the case of DP ablation. At 35 ns inter-pulse delay and 90 ns observation time delay with respect to the second laser pulse, the electron densities for the single and double pulse ablation are 7×19 17 cm −3 and 4×10 18 cm −3 , respectively.
Overall maximum uncertainty in electron density measurements is approximately 27%. A typical line profile of Li I 610.3 nm lines for the fixed inter-pulse delay of 100 ns are shown in Fig. 4 . It has been observed that the spectral profile of Li I 610.3 nm observed at the early stage of plasma (75 ns time delay) is significantly broader (Fig. 4(a) ) than the profile recorded at a relatively larger time delay (365 ns, Fig. 4(b) ). Here, the width of the profiles can be directly correlated with their densities, and thus a rapid reduction in electron density is clearly illustrated in Fig. 4 . A large interpulse delay (100 ns) is intentionally selected to see the effect of the second pulse on the velocity distribution of the expanding plasma. The asymmetric nature of the profile (Fig. 4(a) ) clearly suggests that the double pulse plume has more than one velocity components. The profile is best fitted with two Lorentzian functions, and the superimposition of these two components exactly reproduces the observed profile. This is in agreement with our time-of-flight results and confirms that at the initial stage, the plasma plume has two density components (with two velocity distributions) corresponding to laser 1 and laser 2, respectively. Here it can be noted that the temporal profiles of different lines should originate in their photon emissivity [18] , and thus these observations can be qualitatively understood in terms of computed photon emissivity coefficients (P EC) using atomic data and analysis structure (ADAS) [19] for different lines. The intensity of a particular line can be expressed in terms of P EC [18] . The emissivity of an individual line between states j and k for electron impact excitation is given by
and the emissivity of an individual line due to recombination is given by
where A j→k is the transition probability for transition between j and k levels, F exc σ and F rec ν are the effective contributions of the populations of the excited state from metastable σ of the atom and ν of the ion for electron impact excitation and recombination, respectively (electron density and temperature dependent), and N e , N ν and N σ are electron density, density of ions in metastable ν and density of atoms in metastable σ, respectively. The respective emissivity for electron impact excitation and recombination can be expressed in terms of P EC s as
and,
where P EC exc and P EC rec are photon emissivity coefficients for electron impact excitation and recombination, respectively. N a and N i are the neutral and ion densities. Here it can be noted that recombination includes two-body and three-body as well as dielectronic contributions. From the knowledge of P EC, the intensity of a particular line under identical experimental conditions can be represented by
where K is the factor that depends on the geometry of observation and detector response. for both the electron impact excitation and the recombination processes is shown in Fig. 5 . It is evident that for the considered electron temperatures and density (which typically vary from 1 eV to 2 eV and ∼ 10 19 cm −3 at the early stages of plasma), contribution from recombination (P EC ∼ 10 −10 photons · cm 3 · s −1 ) is larger for Li II as compared to the P EC for electron impact excitation (∼ 10 −36 photons · cm 3 · s −1 ). This indicates that recombination should be the responsible mechanism for the excitation of ionic species. Interestingly, P EC for electron impact excitation (∼ 10
is the same as that for recombination (P EC ∼ 10 −13 photons · cm 3 · s −1 ) for the neutral species. This means that electron impact excitation and recombination processes contribute equally to excite the neutral species at the early stages of plasma. The above result is quite different from the single pulse ablation of lithium where electron impact excitation has been found to be the dominant mechanism to excite the neutral species [20] . 
Summary
In summary, we report a comparative study of single and double pulse ablation of a lithium target. The study shows that the plume-plume interactions play a dominant role in the observed changes in optical emissions in the DP configuration. A large enhancement in electron density and a reduction in electron temperature is observed in DP in comparison to SP ablation. At the initial stages of the plasma, the DP plume has two velocity distributions corresponding to the plumes generated by the first and the second lasers. Furthermore, ADAS analysis shows that recombination is the dominant mechanism for the excitation of the ionic species whereas electron impact excitation and recombination contribute equally to populate the neutral species.
